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The distributions of bacterial form IA and form IC ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) were investigated using Lowes Cove intertidal
mudflat and Damariscotta Lake littoral sediments by PCR amplification of
492–495 bp fragments of the large subunit RuBisCO gene, cbbL. Genomic extracts
for amplification were obtained from lake surface (upper 2 mm), mudflat surface
(upper 2 mm), subsurface (5–7 cm), and soft-shell clam (Mya arenaria) burrow-
wall sediments, as well as from a sulfide-oxidizing mat. Phylogenetic analyses of
cbbL clone libraries revealed that Lowes Cove sediments were dominated by form
IA cbbL-containing sequences most closely related to cbbL genes of sulfur-oxidizing
bacteria or sulfide-oxidizing mats. In contrast, Damariscotta Lake cbbL clones
contained primarily form IC cbbL sequences, which typify aerobic CO- and
hydrogen-oxidizing facultative chemolithotrophs. Statistical analyses supported
clear differentiation of intertidal and lake chemolithotroph communities, and
provided evidence for some differentiation among intertidal communities. AMOVA
and LIBSHUFF analyses of Lowes Cove libraries suggested that M. arenaria burrow-
wall sediments did not harbour distinct communities compared with surface and
subsurface sediments, but that surface and subsurface libraries displayed moderate
differences. The results collectively support a conceptual model in which the relative
distribution of form IA- and IC-containing bacterial chemolithotrophs depends on
sulfide availability, which could reflect the role of sulfate reduction in sediment
organic matter metabolism, or the presence of geothermal sulfide sources.
Introduction
Bacteria incorporate CO2 into biomass by several mechan-
isms. Many aerobic chemolithotrophs use the Calvin–
Benson–Bassham (CBB) cycle (Kelly & Wood, 2002).
Alternatively, chemolithotrophic Epsilonproteobacteria use
the reductive tricarboxylic acid cycle (Campbell et al.,
2006). Although not especially well studied, chemoli-
thotrophic Epsilonproteobacteria have been recognized re-
cently as potentially important contributors to the marine
sulfur cycle (Campbell et al., 2006). The 3-hydroxy-
propionate cycle also provides a mechanism for CO2 fixa-
tion, although its use by chemolithotrophs thus far -
appears limited (Menendez et al., 1999). Finally, many
anaerobes incorporate CO2 via the Wood–Ljungdhal path-
way, which depends on the key enzyme carbon monoxide
dehydrogenase/acetyl CoA synthase (Wood & Ljungdahl,
1991).
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Ru-
BisCO) catalyzes the first reaction of the CBB cycle. It occurs
in three forms that fix CO2, and a fourth that does not
(Atomi, 2002). Forms I and II occur in Bacteria and
eukaryotic phototrophs, while form III occurs in Archaea
(Watson et al., 2000; Atomi et al., 2001; Atomi, 2002;
Maeda et al., 2002). Among phototrophic and chemoli-
thotrophic Bacteria (excluding Epsilonproteobacteria), form
I occurs most commonly, but some chemolithotrophs
also contain form II, usually together with form I (Shively
et al., 1998). Phylogenetic analyses of RuBisCO form I
large subunit genes, cbbL, reveal four evolutionarily
distinct clades, namely IA–ID. Of these, forms IA and IC
occur most commonly in bacterial chemolithotrophs
and eukaryotes; form IB occurs in some cyanobacteria
and eukaryotes, and form ID appears to be limited to
eukaryotes.
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Numerous cbbL analyses have revealed that ammonia,
nitrite, reduced metal and sulfur oxidizers primarily harbour
form IA genes (Shively et al., 1998). Many of these organisms
are obligate chemolithotrophs, as they depend strictly on
reduced inorganic N or S and CO2 as energy and carbon
sources, respectively (Kelly & Wood, 2002). Some form IA-
containing isolates function as facultative chemolithotrophs,
and grow with organic substrates or by oxidizing either sulfide
or other reduced sulfur species; some grow mixotrophically
with both (e.g. Gude et al., 1981; Howarth et al., 1999; Sorokin
et al., 2000; Teske et al., 2000). A few notable exceptions have
been observed: Hydrogenophaga pseudoflava, a facultative
chemolithotrophic CO and hydrogen oxidizer, does not
oxidize reduced sulfur species but contains form IA cbbL (Lee
& Kim, 1998), as does Alkalilimnicola ehrlichei MLHE-1, an
arsenite-oxidizing chemolithotroph that also oxidizes CO
(Oremland et al., 2002). In addition, several anoxygenic
phototrophs and two nitrite oxidizers (Nitrobacter winograds-
kyi and N. hamburgensis) possess both form IA and form IC
cbbL genes (Uchino & Yokota, 2003; Starkenburg et al., 2006).
In contrast, form IC cbbL occurs in a facultatively
chemolithotrophic manganese oxidizer and in many CO-
and hydrogen-oxidizing facultative chemolithotrophs that
preferentially use heterotrophic substrates as carbon and
energy sources. A group of ammonia-oxidizing Nitrosospira
species also contains form IC cbbL, the sequences of which
appear monophyletic and distinct from other form IC
sequences (Ütaker et al., 2002; Tolli & King, 2005). All of
these form IC-containing isolates differ from the majority of
form IA-containing bacteria owing to their inability to grow
at the expense of sulfide (Meyer & Schlegel, 1983; Friedrich
& Schwartz, 1993; Caspi et al., 1996; Aragno, 1998; Santini
et al., 2000; Francis et al., 2001; Skirnisdottir et al., 2001;
Nanba et al., 2004; Selesi et al., 2005; Tolli & King, 2005).
Although chemolithotrophs play major roles in ecosystem
ecology and elemental cycles (Fenchel et al., 1998), their
distributional patterns in aquatic systems have not been well
explored. This is partly the result of the lack of diagnostic 16S
rRNA gene probes. Nonetheless, use of the CBB cycle by many
chemolithotrophs (e.g. Shively et al., 1998; Tabita, 1999) has
facilitated molecular approaches based on cbbL. Analyses of
cbbL genes have revealed phylogenetically diverse chemolitho-
troph communities at deep-sea seeps and hydrothermal vents
(Elsaied & Naganuma, 2001), as well as in BTEX (benzene-
toluene-ethylbenzene-xylenes)-contaminated groundwater
and chlorobenzene-contaminated aquifers (Alfreider et al.,
2003). In contrast, little phylogenetic diversity was observed
for bacterioplankton in a redox gradient in Mono Lake,
California (Giri et al., 2004). Although revealing, these studies
have provided only partial insights into chemolithotroph
distributions, because the primers used amplified form IA (or
possibly IB) cbbL, but apparently did not allow consideration
of bacteria containing form IC genes.
We propose here that the distribution of form IA- and IC-
containing chemolithotrophs in aquatic sediments reflects
the relative availability of sulfide, which in turn reflects
geochemical sulfide sources or the importance of sulfate as
an oxidant in carbon cycling. In coastal marine sediments,
sulfate reduction consumes a large fraction of organic
matter, and sulfide oxidation accounts for a large fraction
of oxygen uptake (Fenchel & Jrgenson, 1977; Jrgensen &
Postgate, 1982; Fenchel et al., 1998). This reduces the
availability of organic substrates to support aerobic form
IC-containing facultative chemolithotrophs while favouring
the growth of sulfide-oxidizing form IA-containing chemo-
lithotrophs (obligate and facultative). In freshwater sedi-
ments with low sulfate concentrations, a greater fraction of
organic substrates and oxygen can support form IC-con-
taining chemolithotrophs, while form IA-containing che-
molithotrophs are limited by sulfide availability. This
proposal is consistent with results from surveys of terrestrial
systems using primers that amplify both form IA and form
IC cbbL (Nanba et al. 2004; Tolli & King, 2005). In these
studies, clone libraries were overwhelmingly dominated by
form IC sequences, reflecting the virtual absence of sulfides
(Nanba & King, 2004; Tolli & King, 2005).
We report here a test of this notion. We have examined
patterns in the distributions of form IA and form IC cbbL in
sediments of a relatively sulfide-rich intertidal mudflat and
of a sulfide-poor littoral zone of a freshwater lake. DNA was
extracted from surface sediments (upper 2 mm) of Damar-
iscotta Lake, Maine, and surface, subsurface (5–7 cm), and
soft-shell clam (Mya arenaria) burrow-wall sediments of
Lowes Cove, Maine. DNA was also extracted from sulfide-
oxidizing bacterial mats located on the fringe of Lowes Cove.
A 492–495 bp fragment of the cbbL gene was amplified by
PCR with primers that target both form IA and form IC
cbbL genes (Nanba et al., 2004). Phylogenetic and statistical
analyses of cbbL clone libraries indicate that marine and
freshwater sediments greatly differ in chemolithotroph
community structure, with form IA dominating marine
sediments and form IC dominating lake sediments. Statis-
tical analyses of Lowes Cove surface, subsurface and
M. arenaria burrow-wall sediments indicate varying degrees
of similarity based on phylogenetic differentiation, genetic
diversity and evolutionary distance measurements.
Materials and methods
Site description and sample collection
The distributions of form IA and form IC cbbL were
examined in four distinct types of intertidal marine sedi-
ment collected from Lowes Cove, Maine, aspects of which
have been described previously, including active sulfate
reduction, limited oxygen penetration depths (o 2 mm)
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and extensive bioturbation by a large and diverse macro-
benthic community (King et al., 1983; King, 1986, 1990;
Findlay et al., 1989; Sawyer & King, 1993; Hansen et al.,
1996; Giray & King, 1997; Chung & King, 1999). Sample
types comprised mats of colourless sulfide-oxidizing bacter-
ia that occurred along the edge of the Cove in areas receiving
drainage from adjacent fringing salt marshes; the upper
2 mm of surface sediment; sediment from 5–7 cm depth;
and sediment from the walls of M. arenaria burrows.
Lowes Cove sediments used for CO, ammonium and
thiosulfate oxidation assays were collected at low tide by
coring with 7-cm-diameter bleach-sterilized acrylic tubes.
Core contents were carefully extruded to obtain the desired
depth intervals. Surface and subsurface sediments for DNA
extractions were collected by coring with sterile cut-off 50-
cm3 syringes. Colourless sulfide-oxidizing bacterial mats
were collected with 50-cm3 syringes for all assays. Mya
arenaria burrow-wall sediment was obtained by exposing
burrows in situ, and then using a sterile spatula to scrape the
inner 2 mm, which was transferred to Whirlpak bags.
Form IA and form IC cbbL content was also examined in
freshwater sediments collected from the upper 2 mm of the
littoral zone (o 1 m depth) of the mesotrophic Damariscotta
Lake in Damariscotta Lake State Park (Jefferson, ME).
Sediment at the collection site was composed of several
centimetres of nonsulfidic sand overlying a glacial clay
deposit. The water column at the sampling site was well
oxygenated, but oxygen penetration depths in the sediment
wereo 2 mm. Sediments were collected by coring with
bleach-sterilized 7-cm-diameter acrylic tubes. Sediment
was collected within 2 m of the shore, and overlying water
was c. 0.5 m deep. Cores were equilibrated briefly before
removal and returned to the laboratory for processing.
Overlying water was removed with a sterile syringe. Surface
sediment was removed with a sterile spatula. All sediment
samples were processed immediately after collection.
Oxygen microprofiles
Oxygen distributions for both Lowes Cove and Damariscot-
ta Lake sediments were determined using ‘Clark-style’ oxy-
gen microelectrodes (Revsbech, 1989) fabricated by Dr R.G.
Carlton (EPRI, Inc.) with a guard cathode; tip diameters
were o 5 mM and the response was stirring-insensitive. For
Lowes Cove surface and mat profiles, triplicate determina-
tions were obtained ex situ using intact cores exposed to air;
duplicate determinations were obtained similarly for Da-
mariscotta Lake using cores with a shallow, mixed water
column (c. 1 cm). Triplicate Lowes Cove burrow profiles
were obtained by exposing M. arenaria burrows in the field,
plugs were transported to the laboratory for profiling, see
above.
Dissolved and total reducible inorganic sulfide
and dissolved sulfate
Damariscotta Lake porewater for dissolved sulfide analysis
was obtained using a needle and syringe as described by
King (1990) to obtain 0.5-mL volumes from the 0–0.5 and
2–2.5 cm intervals of triplicate cores. Sulfide was determined
immediately after sample collection following Cline (1969).
Total reducible inorganic sulfur (TRIS), consisting of
elemental sulfur, solid-phase iron monosulfides and pyrite,
was determined for Damariscotta Lake sediment from the
0–0.2 cm and 2–2.5 cm intervals by means of a chromium
reduction method as described by Hansen et al. (1996).
TRIS contents for Lowes Cove sediments have been pre-
viously reported by Hansen et al. (1996). Dissolved sulfate
concentrations in Damariscotta Lake littoral-zone surface
water were determined using a barium–gelatin method
(King & Klug, 1982).
Carbon monoxide uptake
One gram fresh weight (gfw) of each triplicate sediment
sample was transferred to 60-mL serum bottles. One millilitre
of sterile artificial seawater (ASW) or filter-sterilized lake water
was added to Lowes Cove and Damariscotta Lake samples,
respectively. Serum bottles were sealed with gas-tight stoppers,
and CO was added to the headspaces via needle and syringe to
a final concentration of c. 200 ppm. Headspace samples were
removed at intervals for 5 days by syringe and needle. Samples
were analysed by gas chromatography using an RGA-3 gas
chromatograph (Trace Analytical) equipped with a mercury
vapour detector (see Rich & King, 1999).
Ammonium oxidation
Slurries were prepared by placing 2 gfw of each triplicate
sediment sample in 50-mL sterile disposable centrifuge tubes
containing 10 mL of sterile ASW (Lowes Cove samples) or
deionized water (Damariscotta Lake samples) containing
1 mM ammonium chloride and 10 mM sodium chlorate to
prevent nitrite oxidation (Belser & Mays, 1980). Subsamples
(1 mL) were removed at intervals for up to 2 weeks, trans-
ferred to microcentrifuge tubes, and centrifuged to pellet
sediment. Supernatants (800mL) were transferred into 2-mL
disposable cuvettes. Absorbance (543 nm) was determined
using a Beckman DU640 spectrophotometer before and after
the addition of 16mL of 1% acidic sulfaniliamide (buffered in
10% sulfuric acid) and 16mL of 0.1% n-(1-naphthyl-)ethyle-
nediamine dihydrochloride (Grasshoff, 1976).
Thiosulfate oxidation
One gram fresh weight of triplicate sediment samples was
added to 120-mL sterile serum bottles. Bottles were
amended with 10 mL of sterile ASW or filter-sterilized lake
FEMS Microbiol Ecol 60 (2007) 113–125 c 2007 Federation of European Microbiological Societies
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water containing 10 mM thiosulfate for marine and fresh-
water sediments, respectively, and sealed with sterile rubber
stoppers. Subsamples of 300mL were obtained at intervals
for 2 days for Lowes Cove samples and for 6 days for
Damariscotta Lake samples. Subsamples were transferred to
1.5-mL microcentrifuge tubes and centrifuged to pellet
sediment. Supernatants were then transferred to 15-mL
disposable centrifuge tubes with 2.5 mL of reaction buffer
(0.1 M sodium phosphate and 1 mM EDTA, pH 8.0) and
50mL of 4 mg mL1 5,50-dithio-bis-(2-nitrobenzoic acid)
(DNTB). DNTB reacts with thiosulfate to produce a quanti-
fiable coloured product (Ellman, 1959). Samples were
analysed on a Beckman DU640 spectrophotometer at a
wavelength of 412 nm. In addition to the above protocol,
two control reactions were used, including a background
control with no thiosulfate addition, and autoclaved-killed
controls to determine the potential for abiological thiosul-
fate oxidation.
DNA extraction and cbbL gene amplification
DNA was extracted from triplicate sediment or mat samples
using MoBio UltraClean Soil DNA kits (MoBio Labs,
Carlsbad, CA), according to the manufacturer’s instructions.
DNA was amplified with MasterTaq DNA polymerase
(Brinkmann Inc.) using recommended buffers, magnesium,
dNTPs and MasterTaq and primers K2f and V2r from Nanba
et al. (2004) using an Eppendorf Mastercycler (Brinkmann
Inc.) with the following conditions: initial 3-min 94 1C
denaturation, 30 cycles of 94 1C for 45 s, 62 1C for 60 s
and 72 1C for 60 s, and a final extension at 72 1C for 7 min.
PCR products were electrophoresed in 1% agarose and
visualized after staining with ethidium bromide. Products
(492–495 bp) were immediately processed for cloning or
stored at  20 1C for no longer than 24 h.
Clone library construction
Triplicate PCR products from sediments and mats were
pooled and purified with MoBio PCR cleanup kits (MoBio
Labs, Carlsbad, CA) or Qiagen gel extraction kits. Clone
libraries were constructed using an Invitrogen TOPO
TA cloning kit and Escherichia coli TOP10 competent
cells (Invitrogen Life Technologies, Carlsbad, CA). Clone
colonies were arbitrarily picked and grown with shaking
overnight at 37 1C in Luria-Bertani broth containing
50mg mL1 kanamycin. Cultures were centrifuged, pelleted,
washed and resuspended in 10 mM Tris buffer, pH 7.8.
Resuspended cells were amplified by PCR with cloning
vector primers T3 and T7. PCR products of the correct
size were purified with a MoBio PCR purification kit
and sequenced by the University of Maine’s DNA
Sequencing Facility using vector primer T7, resulting in
492–495 bp of sequence. Sequences were screened by BLAST
(Altschul et al., 1997) to determine their similarity to
published cbbL sequences.
Phylogenetic analyses
DNA sequences were aligned using CLUSTALX version 1.01
(Thompson et al., 1997). The cbbL phylogeny was analysed
with a neighbour-joining (NJ) algorithm with the PAUP
phylogeny analysis program (Swofford, 2003). Confidence
in phylogenetic tree topology was assessed with bootstrap-
ping by the NJ method in PAUP.
Statistical analyses
Substrate oxidation rates were analysed with a two-tailed
t-test (a= 0.05). Maximum potential oxidation rates were
determined by calculating slopes of linear regressions for
each replicate at the maximum rate of oxidation. Significant
differences in maximum potential oxidation were deter-
mined by performing a one-way ANOVA with the R statistical
software package (www.r-project.org). Transformations
were applied when necessary to obtain normality and
constant variance. Normality was measured by means of
the Lilliefors (Kolmorov–Smirnov) test, and the null hy-
pothesis of normality was accepted at a probability level
Z0.15. Constant variance was measured with the Levine
test, and the null hypothesis of constant variance was
accepted at a probability level of Z0.05. When significant
differences in means were present, as measured by an
F-statistic (P  0.05), a Tukey HSD posthoc test was
performed with 95% family-wise confidence.
Clone libraries obtained from Damariscotta Lake and
Lowes Cove sediments were analysed by analysis of mole-
cular variance (AMOVA) with ARLEQUIN (Schneider et al.,
2000) to estimate the significance of differences in popula-
tion pairwise fixation indices (FST values) among cbbL
libraries. ARLEQUIN was also used to estimate nucleotide
diversity and average pairwise differences of aligned
cbbL sequences. Nucleotide diversity estimates the proba-
bility that two randomly chosen homologous nucleo-
tides will differ, while average pairwise difference
estimates the number of nucleotide differences observed
when each clone sequence is compared with all other clone
sequences.
Sediment cbbL clone libraries were also analysed with the
webLIBHSHUFF program (http://libshuff.mib.uga.edu), which
calculates homologous and heterologous coverages using a
Cramer–von Mises statistic with a Monte Carlo test proce-
dure (Singleton et al., 2001). The distance matrix used in the
LIBSHUFF analysis was obtained using DNADIST of the PHYLIP
program [v. 3.65; J. Felsenstein; (evolution.genetics.
washington.edu/phylip.htm)]. Libraries were considered
significantly different at P  0.05. A phylogenetic P-test
was performed to test if the distribution of unique sequences
FEMS Microbiol Ecol 60 (2007) 113–125c 2007 Federation of European Microbiological Societies
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between different clone libraries displayed significant
covariance with phylogeny (Martin, 2002). One thousand
random trees were constructed in PAUP from combined
clone libraries. The tree length of the combined library
was determined by constructing a parsimony tree using the
heuristic search algorithm in PAUP. Clone libraries were
considered significantly different if the actual tree length was
less than the 95% lower confidence limit of the random
trees. Bonferroni corrections for multiple comparisons were
applied for LIBSHUFF and P-test analyses.
Accession numbers
Chromatium vinosum, D90204; Synechococcus strain CcmK,
U46156; Synechococcus T6SY9, AY157474; Nitrosomonas sp.
str. ENI11, AB061373; Nitrosospira sp. str. TCH716,
AF459718; Hydrogenophaga pseudoflava, U55037; Thiobacil-
lus sp., M34536; Bradyrhizobium japonicum USDA 110,
AF041820; Nitrosospira sp. str. III2, AF426416; Nitrosospira
sp. str. 40K1, AF426428; Nitrosospira sp. str. AF, AF426415;
Nitrosospira multiformis ATCC 25196, AY157474; Nitrobac-
ter hamburgensis X14 plasmid 1, CP000320; Nitrobacter
hamburgensis X14, CP000319; Nitrobacter winogradskyi Nb-
255, CP000115; Ralstonia eutropha, U20585; Rhodobacter
blasticus, AB082959; Solemya velum sulfur-oxidizing sym-
biont, AY531637. Terrestrial clones: HM34, AY422874;
PN5.81, DQ149802; PN5.58, DQ149798; GP0.95,
DQ149762. Sulfide-oxidizing mat clones: CM4, AY422060;
CM6R, AY422061. Hydrothermal vent clones: IA04,
AY431011; Seamount clone Suiyo (IC)-3, AB181164. Man-
ganese-oxidizing clone, L32182. Accession numbers for




Oxygen penetration depths for Lowes Cove were
1.4 0.1 mm, 0.9 0.2 mm and 1.2 0.2 mm (means 1
SE) for surface, burrow and sulfide-oxidizing mat samples,
respectively. Penetration depths did not differ significantly
among sites based on ANOVA (P = 0.25). Penetration depths
for burrows were more consistent than those for mats and
surface sediments (Fig. 1), which contributed to the lack of
statistical significance in the differences among penetration
depths. Damariscotta Lake oxygen penetration depths from
duplicate determinations were 0.3–0.5 mm.
Dissolved sulfide, TRIS and sulfate
Damariscotta Lake porewater sulfide concentrations for
the 0–0.5 and 2–2.5 cm intervals were  the limit of
detection, about 1 mM. TRIS concentrations for 0–0.5
and 2–2.5 cm intervals were 33.6 5.4 nmol gdw1 and
47.0 15.4 nmol gdw1, respectively. A range of about
50–140 mmol TRIS gdw1 sediment has been previously re-
ported for Lowes Cove surface, bulk and burrow sediments
(Hansen et al., 1996). Damariscotta Lake sulfate concentra-
tions were 47 1 mM.
Fig. 1. A. Depth profiles of oxygen in surface () and burrow-wall (~)
sediments and sulfide-oxidizing mats (’) of Lowes Cove; individual
symbols represent individual profiles. B. Depth profiles of oxygen in
surface sediments of Damariscotta Lake; individual symbols represent
individual profiles.
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Substrate oxidation assays
Ammonium oxidation was detected at relatively low rates
for Lowes Cove surface and burrow sediments, but not at all
for Damariscotta Lake surface sediments (Table 1). Thiosul-
fate and carbon monoxide oxidation were readily observed
in all sediments (Table 1). Transformations of both ammo-
nium and thiosulfate data greatly improved normality and
homogeneity of variances. Significant differences between
site means (Po 0.05) were observed for ammonium and
thiosulfate oxidation assays, but not for CO uptake. A Tukey
HSD (95% confidence) was performed with ammonium
and thiosulfate rate data. Ammonium oxidation rates in
Lowes Cove surface and burrow-wall sediments were not
significantly different (P = 0.31), but were significantly high-
er than in subsurface sediments (Po 0.0008). Thiosulfate
oxidation rates for Damariscotta Lake and Lowes Cove
suboxic sediments were not significantly different
(P = 0.62). Lowes Cove surface and burrow sediments had
comparable thiosulfate oxidation rates (P = 0.78) that were
significantly higher (Po 0.05) than those in Damariscotta
Lake and Lowes Cove subsurface sediments. All sediment
types had significantly lower thiosulfate oxidation rates than
Lowes Cove sulfide-oxidizing bacterial mats (Po 0.05).
Phylogenetic analyses
Lowes Cove sediments were dominated by form IA cbbL,
while Damariscotta Lake sediments predominately con-
tained form IC (Figs 2 and 3). The majority of surface
(91%), subsurface (97%) and M. arenaria burrow-wall
(86%) clones, and all clones from a sulfide-oxidizing
bacterial mat were form lA. Form IA clones from Lowes
Cove were phylogenetically similar to each other, although
some were closely related to hydrothermal-vent clone se-
quences and sequences from sulfide-oxidizing mats in a
noncontiguous mudflat on the Sheepscot River, Maine (see
Nanba et al., 2004).
Twenty-one of 23 Damariscotta Lake clone sequences
(91%) were form IC. These sequences were phylogenetically
diverse, and most closely related to a variety of chemolitho-
trophs or clone sequences reported for agroecosystem soils
and volcanic deposits. The form IA clones were most closely
related to Rhodobacter blasticus, an anyoxygenic phototroph.
Clone library statistical analyses
Nucleotide diversity and within-site average pairwise differ-
ences were similar among all libraries (Table 2). Among-site
average pairwise differences for Lowes Cove microhabitats
were nearly identical, while differences between Lowes Cove
samples and Damariscotta Lake sediments were higher
(Table 3).
Values of Wright’s fixation index (FST, Table 3) indicated
varying levels of genetic differentiation among clone
libraries (see Hartl & Clark, 1997). The highest FST values
were observed for comparisons between Lowes Cove li-
braries and the Damariscotta Lake sequences. Lowes Cove
surface and subsurface sediment sequences showed moder-
ate genetic differentiation, while little genetic diversity was
observed among burrow-wall clones and marine surface and
subsurface environments (Table 3).
LIBSHUFF analyses of clone library homologous and hetero-
logous coverages (Table 4) indicated that Lowes Cove clone
libraries were all significantly different from the Damaris-
cotta Lake sediment library (P = 0.001). Among Lowes Cove
microhabitats, surface and subsurface sediments contained
distinct communities (P = 0.001), while neither of these
communities was significantly different from the M. arenar-
ia burrow-wall community (P = 0.0085).
The length of a parsimony tree containing Lowes Cove
clone libraries (surface, subsurface, and M. arenaria burrow-
wall sediments) was significantly less than the 95% lower
confidence limit of 1000 random trees. P-tests of individual
Lowes Cove libraries similarly indicated significant phyloge-
netic divergence of marine microhabitat populations. Re-
moving form IC cbbL sequences from Lowes Cove libraries
did not change the outcome of AMOVA, LIBSHUFF or P-test
analyses.
Discussion
Although horizontal gene transfer has limited the corre-
spondence between cbbL and 16S rRNA gene phylogenies
(Delwiche & Palmer, 1996), results from numerous isolates
indicate that the overwhelming majority of form IA-con-
taining chemolithotrophs oxidize sulfide and other reduced
sulfur species for growth (obligately or facultatively), or
depend on ammonia or nitrite oxidation. In contrast, most
Table 1. Maximum potential oxidation rates for ammonium, carbon monoxide, and thiosulfate (means of triplicates 1 SE)
Substrate
Site
LC surface LC burrow LC subsurface LC mat Dscot Lake
Ammonium 15.453.2 47.5 16.9 3.4 2.4 – ND
CO 4.27.0 4.1 1.0 3.4 2.4 – 6.6 2.2
Thiosulfate 72.530.8 110.0 53.2 23.1 2.8 363.651.1 17.9 11.1
LC, Lowes Cove; Dscot Lake, Damarsicotta Lake; ND, not detectable. Rates for ammonium oxidation in pmol gdw1 h1; rates for CO uptake in
nmol gdw1 h1; rates for thiosulfate oxidation in mmol gdw1 h1.
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Fig. 2. Neighbour-joining tree of Lowes Cove partial cbbL nucleic acid sequences with a Jukes–Cantor correction. Bootstrap support (1000 replicates) is
indicated as closed circles, closed squares and closed triangles for 91–100%, 81–90% and 70–80%, respectively. Lowes Cove clones shown in bold. Site
abbreviations: LCS, Lowes Cove surface; LCB, Lowes Cove burrow; LCSS, Lowes Cove subsurface.
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form IC-containing chemolithotrophs assayed to date oxi-
dize CO or H2 (or both), but not sulfide. A relatively small
group of Nitrosospira obligately oxidizes ammonia, but
not sulfide, and contains form IC cbbL sequences that are
phylogenetically distinct from those of CO and H2 oxidizers.
Thus, at a ‘macro’ level, phylogenetic distinctions among
cbbL sequences correspond to functional distinctions.
Recently, Elsaied & Naganuma (2001) used cbbL primers
to characterize deep-sea marine sediment and
Fig. 3. Neighbour-joining tree of Damariscotta Lake partial cbbL nucleic acid sequences with a Jukes–Cantor correction. Bootstrap support (1000
replicates) is indicated as closed circles, closed squares and closed triangles for 91–100%, 81–90% and 70–80%, respectively.
Table 2. Nucleotide diversity (ND) and within-site average pairwise
difference (y[p]) for Lowes Cove (LC) and Damariscotta Lake (DL) samples
(means 1 SE)
Site Clones ND y[p]
LC surface 45 0.22 0.11 109.8 48.0
LC subsurface 33 0.17 0.08 85.4 37.7
LC burrow 20 0.26 0.13 126.1 56.6
DL surface 23 0.28 0.14 137.8 61.3
Table 3. Among-site average pairwise differences (above diagonal) and
fixation indices (FST; below diagonal)
LCS LCB LCSS DL
LCS 120.0 103.8 216.9
LCB 0.019 105.3 213.1
LCSS 0.059 0.001 222.2
DL 0.440 0.381 0.511
All differences were significant (Po 0.05). LCS, Lowes Cove surface;
LCB, Lowes Cove burrow; LCSS, Lowes cove subsurface (5–7 cm); DL,
Damariscotta Lake.
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hydrothermal-vent bacterial lithotrophs. They obtained se-
quences that were most closely related to those of sulfide-
oxidizing isolates or cyanobacteria. Alfreider et al. (2003)
and Giri et al. (2004) also used cbbL primers to characterize
contaminated groundwater sediment and bacterioplankton
in Mono Lake, respectively. Alfreider et al. (2003) observed
diverse form IA sequences, while Giri et al. (2004) obtained
sequences most similar to an arsenite-oxidizing chemolitho-
troph and Hydrogenovibrio marinus. Selesi et al. (2005) used
distinct cbbL primer sets to amplify form IA and IC cbbL
genes from agroecosystem soils, and noted that the former
were low in diversity compared with the latter. Nanba et al.
(2004) and Tolli & King (2005) used primers that simulta-
neously amplify both IA and IC genes, and found form IC
sequences almost exclusively in various terrestrial and
agroecosystem soils.
Results from this study reveal that form IA cbbL dom-
inates clone libraries obtained from genomic extracts of
Lowes Cove intertidal sediments, regardless of sediment
origin, i.e. surface, subsurface or burrow wall (Fig. 1). For
many of the form IA clones, the closest matches based on
BLAST searches include known sulfide-oxidizers or sequences
from sulfide-oxidizing bacterial mats that occur in the
noncontiguous Sheepscot River mudflat (Fig. 2; Nanba
et al., 2004). Similarities between some Lowes Cove and
Sheepscot River clones suggest a possible regional-scale
distribution of several closely related chemolithotrophs.
However, ‘rampant’ horizontal transfer of RuBisCO genes,
and the possibility of a high degree of sequence conservation
limit inferences about the physiology and taxonomic iden-
tity of specific clones, even those that appear to be closely
related (Delwiche & Palmer, 1996).
Form IC cbbL sequences also occur in Lowes Cove
sediments (Fig. 1). These sequences are not closely related
to known chemolithotrophs, including marine CO oxidi-
zers; they do not cluster closely with Nitrosospira and
Nitrobacter sequences. The latter observation may indicate
that the sequences do not represent nitrifying bacteria,
although this possibility cannot yet be excluded. Active
aerobic CO consumption by Lowes Cove sediments (Table 1
and King, 2007) implies the presence of at least some
aerobic CO-oxidizing bacteria, the overwhelming majority
of which contain form IC cbbL. Thus, aerobic CO oxidizers
may account for Lowes Cove form IC sequences and
represent taxa that to date remain poorly characterized or
unknown in culture.
In contrast to Lowes Cove, Damariscotta Lake surface
sediment clones contain primarily form IC cbbL sequences
(Fig. 3). Because these sequences do not appear closely
related to Nitrosospira or Nitrobacter sequences, they may
represent CO and hydrogen oxidizers, or perhaps iron and
manganese oxidizers, as the latter also contain form IC genes
(e.g. Holden & Brown, 1993; Caspi et al., 1996). Several of
the Damariscotta Lake form IC clones closely matched
sequences from volcanic and agricultural systems (Nanba
et al., 2004; Tolli & King, 2005), with up to 99% identity
(Fig. 3), but, as noted above for form IA clones, sequence
similarity does not necessarily correlate with physiology or
taxonomic identity.
Damariscotta Lake sediments also contain form IA cbbL
sequences, although they are much less abundant than form
IC sequences (Fig. 3). The Damariscotta Lake sequences are
not phylogenetically related to form IA sequences obtained
from Lowes Cove sediments, known sulfur oxidizers, or
nitrifying bacteria. The closest match in the NCBI database
for these sequences is Rhodobacter blasticus, an anoxygenic
hydrogen- and CO-oxidizing anaerobic photolithotroph.
Based on similarities in nucleotide diversity and average
pairwise differences for each library (Table 2), the chemo-
lithotroph communities at each of the sites appear similarly
diverse. More specifically, the extent of divergence or
phylogenetic differentiation among the clones for a given
site approximates the differentiation among clones for other
sites. In contrast, average pairwise differences derived from
comparisons between sites (Table 3) indicate that Lowes
Cove and Damariscotta Lake clone libraries differ substan-
tially, while clones from libraries within Lowes Cove do not
(see Fig. 2).
Wright’s fixation index (FST; Wright, 1951) also reveals
little differentiation among Lowes Cove libraries, but sig-
nificant differentiation between chemolithotrophs repre-
sented by the Lowes Cove and Damariscotta Lake libraries
(Table 3). Similarly, LIBSHUFF analyses support distinct che-
molithotroph communities for Damariscotta Lake and
Lowes Cove, because all pairs of reciprocal comparisons
between Damariscotta Lake and Lowes Cove libraries differ
significantly (Table 4). LIBSHUFF analyses also indicate that
Lowes Cove surface and subsurface libraries differ from each
other, but that neither differs from the burrow library. In
essence, surface and subsurface chemolithotroph commu-
nities contained different assemblages, most likely as a result
of active burial of surface sediments by bioturbation and loss
of some of the surface populations. Although M. arenaria
Table 4. LIBSHUFF probability values for XY (above diagonal) and YX
(below diagonal) library comparisons
Library LCS LCB LCSS DL
LCS 0.094 0.001 0.001
LCB 0.678 0.567 0.001
LCSS 0.001 0.196 0.001
DL 0.001 0.001 0.001
Libraries were considered significantly different at 95% confidence if the
XY or YX comparison had a probability value of  0.0085, based on a
Bonferroni correction for multiple comparisons. LCS, Lowes Cove sur-
face; LCSS, Lowes Cove subsurface (5–7 cm); LCB, Lowes Cove burrow;
DL, Damariscotta Lake.
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burrows represent relatively stable microhabitats that differ
from surface sediments with respect to local chemical and
microbiological parameters (e.g. Hansen et al., 1996), they
appear to integrate populations from both surface and
subsurface environments.
The preponderance of form IA cbbL sequences closely
related to sulfide oxidizers and sulfide-oxidizing mat clones
in Lowes Cove but not in Damariscotta Lake is consistent
with TRIS concentrations, which provide an index of sulfide
availability. TRIS concentrations are about three orders of
magnitude greater in Lowes Cove than in Damariscotta Lake
sediments, which probably reflects a much reduced role for
sulfate reduction in Damariscotta Lake carbon cycling. This
can be attributed to sulfate concentrations that are about
500-fold lower for Damariscotta Lake than for Lowes Cove
(47mM vs. 25 mM). cbbL patterns in Lowes Cove are also
consistent with maximum potential substrate oxidation
patterns, because maximum potential thiosulfate oxidation
rates substantially exceed rates for ammonium oxidation
and CO consumption.
Substrate oxidation patterns for Damariscotta Lake are
somewhat more enigmatic. While cbbL sequences suggest
dominance of the chemolithotrophic community by CO
and hydrogen oxidizers, a substantial capacity for thiosulfate
oxidation was observed (Table 1), implying the possible
presence of form IA-containing sulfur oxidizers, none of
which are represented in the Lake clone libraries. Several
nonexclusive possibilities may account for these observa-
tions. First, thiosulfate turnover in oxic freshwater sedi-
ments may involve rhodanese, a well-known thiosulfate-
sulfur transferase present in lake and marine sediments
(Nriagu et al., 1979; Wainwright, 1980; Alexander & Volini,
1987; Kelly & Baker, 1990; Saidu, 2004) that may act
independently of chemolithotrophic metabolism. Second,
thiosulfate may be oxidized in freshwater sediments by
bacteria that do not contain cbbL genes. Silicibacter pomeroyi
provides a relevant example, because it oxidizes thiosulfate,
but does not fix CO2, contains no cbbL genes, and can
function as a chemolithoheterotroph (Moran et al., 2004).
Third, some form IC-containing facultative chemolitho-
trophs may oxidize thiosulfate in addition to CO or hydro-
gen. Examples include the facultative chemolithotroph
Bradyrhizobium japonicum USDA 110, the genome of which
contains sox genes (Kaneko et al., 2002), Mesorhizobium
thiogangeticum (Ghosh & Roy, 2006) and Bacillus schlegelii
(Beffa et al., 1993). In the latter case, heterotrophic sub-
strates may effectively subsidize a significant capacity for
thiosulfate oxidation, even though thiosulfate may not be
readily available.
Collectively, these results and results from previous
analyses of agroecosystem soils and volcanic deposits sup-
port the hypothesis that the relative distribution of form IA-
and form IC-containing chemolithotrophs reflects the avail-
ability of sulfide for aerobic bacterial oxidation, which in
most sediments reflects the role of sulfate reduction in
carbon turnover. Bulk organic matter concentrations alone
cannot account for patterns of form IA and IC cbbL
distributions within clone libraries, because both Damar-
iscotta Lake and Lowes Cove sediments contain more
organic matter than Hawaiian volcanic deposits; clone
libraries from the latter are dominated by form IC sequences
(Nanba et al. 2004) while Lowes Cove clone libraries are
dominated by form IA cbbL.
In essence, consumption of relatively large amounts of
organic matter and oxygen by sulfate reduction and sulfide
oxidation, respectively, which are characteristic of coastal
sediments, favours the development of form IA-containing
sulfide-oxidizing chemolithotrophs, probably including ob-
ligate, facultative and mixotrophic subgroups. The relative
importance of these functionally distinct subgroups remains
unknown, but is a subject worthy of attention for both
theoretical and practical reasons (Tittel et al., 2003). In
contrast, sulfate-poor systems, for example freshwater sedi-
ments and soils, appear to contain insufficient sulfide to
support significant sulfide oxidizer populations, and instead
favour the development of the metabolically versatile form
IC-containing facultative chemolithotrophs that oxidize
CO, hydrogen, organic matter, and perhaps thiosulfate to a
lesser extent. Ongoing and future studies of marine and
nonmarine water column systems and various sulfidic and
nonsulfidic hot springs will help to clarify further the
distribution of form IA- and IC-containing chemolitho-
trophs and their functions. If sulfide availability is a critical
determinant, form IA-containing chemolithotrophs should
dominate sulfidic hot springs, while form IC-containing
chemolithotrophs should dominate nonsulfidic systems.
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Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W
& Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids
Res 25: 3389–3402.
FEMS Microbiol Ecol 60 (2007) 113–125c 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved







sec/article/60/1/113/513446 by Louisiana State U
niversity user on 04 O
ctober 2021
Aragno M (1998) The aerobic, hydrogen-oxidizing (Knallgas)
bacteria. Techniques in Microbial Ecology (Burlage RS, Atlas R,
Stahl D, Geesy G & Sayler G, eds), pp. 79–112. Oxford Univ.
Press, Oxford.
Atomi H (2002) Microbial enzymes involved in carbon dioxide
fixation. J Biosci Bioengr 94: 497–505.
Atomi H, Ezaki S & Imanaka T (2001) Ribulose-1,5-bisphosphate
carboxylase/oxygenase from Thermococcus kodakaraensis
KOD1. Meth Enzymol 331: 353–365.
Beffa T, Berzcy M & Aragno M (1993) Elemental sulfur
production during mixotrophic growth on hydrogen and
thiosulfate of thermophilic hydrogen-oxidizing bacteria. Curr
Microbiol 27: 349–353.
Belser LW & Mays EL (1980) Specific inhibition of nitrite
oxidation by chlorate and its use in assessing nitrification in
soils and sediments. Appl Environ Microbiol 39: 505–510.
Campbell BJ, Engel AS, Porter ML & Takai K (2006) The e-
proteobacteria: key players in sulphidic habitats. Nature Rev
Microbiol 4: 458–468.
Caspi R, Haygood MG & Tebo BM (1996) Unusual ribulose-15-
bisphosphate carboxylase/oxygenase genes from a marine
manganese-oxidizing bacterium. Microbiology 142:
2549–2559.
Chung WK & King GM (1999) Biogeochemical transformations
and potential polyaromatic hydrogen degradation in
marcofaunal burrow sediments. Aquat Microb Ecol 19:
285–295.
Cline JD (1969) Spectrophotometric determination of hydrogen
sulfide in natural waters. Limnol Oceanogr 14: 454–458.
Delwiche CF & Palmer JD (1996) Rampant horizontal transfer
and duplication of rubisco genes in eubacteria and plastids.
Mol Biol Evol 13: 873–882.
Ellman GL (1959) Tissue sulfhydryl groups. Arch Biochem Biophys
82: 70–77.
Elsaied H & Naganuma T (2001) Phylogenetic diversity of
ribulose-15-bisphosphate carboxylase/oxygenase large-
subunit genes from deep-sea microorganisms. Appl Environ
Microbiol 67: 1751–1765.
Fenchel T, King GM & Blackburn TH (1998) Bacterial
Biogeochemistry: The Ecophysiology of Mineral Cycling.
Academic Press, London.
Fenchel TM & Jorgenson BB (1977) Detritus food chains of
aquatic ecosystems: the role of bacteria. Adv Microbial Ecol 1:
1–58.
Findlay RL, King GM & Watling L (1989) Efficacy of
phospholipid analysis in determining microbial biomass in
sediments. Appl Environ Microbiol 55: 2888–2893.
Francis CA, Co E & Tebo BM (2001) Enzymatic manganese (II)
oxidation by a marine a-proteobacterium. Appl Environ
Microbiol 67: 4024–4029.
Friedrich B & Schwartz E (1993) Molecular biology of hydrogen
utilization in aerobic chemolithotrophs. Ann Rev Microbiol 47:
351–383.
Giray C & King GM (1997) Effect of naturally-occurring
bromophenols on sulfate reduction and ammonia oxidation in
sediments from a Maine mudflat. Aquat Microb Ecol 13:
295–301.
Giri BJ, Bano N & Hollibaugh J (2004) Distribution of RuBisCO
genotypes along a redox gradient in Mono Lake California.
Appl Environ Microbiol 70: 3443–3448.
Ghosh W & Roy P (2006) Mesorhizobium thiogangeticumsp. nov.,
a novel sulfur-oxidizing chemolithoautotroph from
rhizosphere soil of an Indian tropical leguminous plant. Int J
Syst Evol Microbiol 56: 91–97.
Grasshoff K (1976) Methods of Seawater Analysis, pp. 134–137.
Verlag Chemie, Berlin, Germany.
Gude H, Strohl WR & Larkin JM (1981) Mixotrophic and
heterotrophic growth of Beggiatoa alba in continuous culture.
Arch Microbiol 129: 357–360.
Hansen K, King GM & Kristensen E (1996) Impact of the soft-
shell clam Mya arenaria on sulfate reduction in an intertidal
sediment Aquat. Microb Ecol 10: 181–194.
Hartl DL & Clark AG (1997) Principles of Population Genetics.
Sinauer Associates Inc., Stamford, CT.
Holden PJ & Brown RZ (1993) Amplification of ribulose
bisphosphate carboxylase/oxygenase large subunit (RuBisCO
LSU) gene fragments from Thiobacillus ferrooxidans and a
moderate thermophile using polymerase chain reaction. FEMS
Microbiol Rev 11: 19–30.
Howarth R, Unz RF, Seviour EM, Seviour RM, Blackall LL,
Pickup RW, Jones JG, Yaguchi J & Head IM (1999)
Phylogenetic relationships of filamentous sulfur bacteria
(Thiothrix spp. and Eikelboom type 021N bacteria) isolated
from water-treatment plants and description of Thiothrix
eikelboomii sp. nov., Thiothrix unzii sp. nov. Thiothrix
fructosivorans sp. nov. and Thiothrix defluvii sp. nov. Int J Syst
Bacteriol 49: 1817–1827.
Jrgensen BB & Postgate JR (1982) Ecology of bacteria of the
sulphur cycle with special reference to anoxic-oxic interface
environments. Phil Trans Royal Soc Lond Ser B 298: 543–561.
Kaneko T et al. (2002) Complete genomic sequence of nitrogen-
fixing symbiotic bacterium Bradyrhizobium japonicum USDA
110. DNA Res 9: 189–197.
Kelly DP & Baker SC (1990) The organosulfur cycle: aerobic and
anaerobic processes leading to turnover of C1-sulfur
compounds. FEMS Microbiol Lett 87: 241–251.
Kelly DP & Wood AP (2002) The chemolithotrophic prokaryotes.
The Prokaryotes (Dworkin M., ed), http://
141.150.157.117:8080/prokPUB/chaprender/jsp/
showchap.jsp? chapnum=246.
King GM (1986) Characterization of glucosidase actvity in
intertidal marine sediments. Appl Environ Microbiol 51:
373–380.
King GM (1990) Effects of added manganic and iron oxides on
sulfate reduction and sulfide oxidation in intertidal sediments.
FEMS Microbiol Ecol 73: 131–138.
King GM (2007) Microbial carbon monoxide consumption in
salt marsh sediments. FEMS Microbiol Ecol 59: 2–9.
FEMS Microbiol Ecol 60 (2007) 113–125 c 2007 Federation of European Microbiological Societies








sec/article/60/1/113/513446 by Louisiana State U
niversity user on 04 O
ctober 2021
King GM & Klug MJ (1982) Comparative aspects of sulphur
mineralization in sediments of a eutrophic lake basin. Appl
Environ Microbiol 44: 1406–1412.
King GM, Klug MJ & Lovely DR (1983) Metabolism of acetate
methanol and methylated amines in intertidal sediments of
Lowes Cove, Maine. Appl Environ Microbiol 45: 1848–1853.
Lee SN & Kim YM (1998) Cloning and characterization of
ribulose bisphosphate carboxylase gene of a
carboxydobacterium Hydrogenophagea pseudoflava DSM 1084.
Molecules Cells 8: 524–529.
Maeda N, Kanai T, Atomi H & Imanaka T (2002) The unique
pentagonal structure of an archaeal rubisco is essential for its
high thermostability. J Biol Chem 277: 33656–31662.
Martin AP (2002) Phylogenetic approaches for describing and
comparing the diversity of microbial communities. Appl
Environ Microbiol 68: 3673–3682.
Menendez C, Bauer Z, Huber H, Gad’on N, Stetter K-O & Fuchs
G (1999) Presence of acetyl coenzyme A (CoA) carboxylase
and propionyl CoA carboxylase in autotrophic Crenarchaeota
and indication for operation of a 3-hydroxypropionate cycle in
autotrophic carbon fixation. J Bacteriol 181: 1088–1098.
Meyer O & Schlegel HG (1983) Biology of aerobic carbon
monoxide-oxidizing bacteria. Annu Rev Microbiol 37:
277–310.
Moran MA, Buchan A, Gonzalez JM et al. (2004) Genome
sequence of Silicibacter pomeroyi reveals adaptations to the
marine environment. Nature (London) 432: 910–913.
Nanba K, King GM & Dunfield K (2004) Analysis of facultative
lithotroph distribution and diversity on volcanic deposits by
use of the large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase. Appl Environ Microbiol 70: 2245–2253.
Nriagu JO, Coker RD & Kemp ALW (1979) Thiosulfate,
polythionates, and rhodanese activity in Lake Erie and Ontario
sediments. Limnol Oceanogr 24: 383–388.
Oremland RS, Hoeft SE, Santini JM, Bano N, Hollibaugh RA &
Hollibaugh JT (2002) Anaerobic oxidation of arsenite in Mono
Lake water and by a facultative aresnite-oxidizing
chemoautotroph strain MLHE-1. Appl Environ Microbiol 68:
4795–4802.
Revsbech NP (1989) An oxygen microelectrode with a guard
cathode. Limnol Oceanogr 34: 474–478.
Rich JJ & King GM (1999) Aerobic and anaerobic
transformations of carbon monoxide in freshwater peats.
FEMS Microbiol Ecol 28: 215–224.
Saidu Y (2004) Physiochemical features of rhodenase: a review.
African J Biotechnol 3: 370–374.
Santini JM, Sly LI, Schnagl RD & Macy JM (2000) A new
chemolithotrophic arsenite-oxidizing bacterium isolated from
a gold mine: phylogenetic physiological and preliminary
biochemical studies. Appl Environ Microbiol 66: 92–97.
Sawyer TE & King GM (1993) Glucose uptake in an intertidal
marine sediment: metabolism and endproduct formation.
Appl Environ Microbiol 59: 120–128.
Schneider S, Roesseli D & Excoffier L (2000) Arlequin Version
2000: A Software for Population Genetics Data Analysis.
Genetics & Biometry Laboratory University of Geneva,
Geneva.
Selesi D, Schmid M & Hartmann A (2005) Diversity of green-like
and red-like ribulose-1,5-bisphosphate carboxylase/oxygenase
large-subunit genes (cbbL) in differently managed agricultural
soils. Appl Environ Microbiol 77: 175–184.
Shively JM, van Keulen G & Meijer WG (1998) Something from
almost nothing: carbon dioxide fixation in chemoautotrophs.
Ann Rev Microbiol 52: 191–230.
Singleton DR, Furlong MA, Rathbun SL & Whitman WB (2001)
Quantitative comparisons of 16S-rRNA gene sequence
libraries from environmental samples. Appl Environ Microbiol
67: 4374–4376.
Skirnisdottir S, Hreggvidsson GO, Holst O & Kristjansson JK
(2001) Isolation and characterization of a mixotrophic
sulfur-oxidizing Thermus scotoductus. Extremophiles 5:
45–51.
Starkenburg SR, Chain PSG, Sayavedra-Sota LA et al. (2006)
Genome sequence of the chemolithoautotrophic nitrite-
oxidizing bacterium Nitrobacter winogradskyi Nb-255. Appl
Environ Microbiol 72: 2050–2063.
Sorokin DY, Tourova TP & Kuenen JG (2000) A new facultatively
autotrophic hydrogen- and sulfur-oxidizing bacterium from
an alkaline environment. Extremophiles 4: 237–245.
Swofford DL (2003) PAUP. Phylogenetic Analysis Using
Parsimony (and Other Methods). Version 4. Sinauer
Associates, Sunderland, MA.
Tabita FR (1999) Microbial ribuolise-1,5-bisphosphate
carboxylase/oxygenase: a different perspective. Photosyn Res
60: 1–28.
Teske A, Brinkhoff T, Muyzer G, Moser DP, Rethmeier J &
Jannasch HW (2000) Diversity of thiosulfate-oxidizing
bacteria from marine sediments and hydrothermal vents. Appl
Environ Microbiol 66: 3125–3133.
Thompson JD, Gibson TJ, Pleuniak F, Jeanmougin F & Higgins
DG (1997) The Clustal X-Windows interface: flexible
strategies for multiple sequence alignment aided by quality
tools. Nucleic Acids Res 25: 4876–4882.
Tittel J, Bissinger V, Zippel B, Gaedke U, Bell E, Loreke A &
Kanjunke N (2003) Mixotrophs combine resource use to
outcompete specialists: implications for aquatic food webs.
Proc Natl Acad Sci 100: 12776–12781.
Tolli J & King GM (2005) Diversity and structure of
bacterial chemolithotrophic communities in pine forest
and agroecosystem soils. Appl Environ Microbiol 71:
8411–8418.
Uchino Y & Yokota A (2003) ‘‘Green-like’’ and ‘‘red-like’’
RuBisCO cbbL genes in Rhodobacter azotoformans. Mol Biol
Evol 20: 821–830.
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